Samples of hydrogen and oxygen stable isotopes in precipitation collected and analyzed during the summer monsoon in 2017 and 2018 in Chengdu are reported in this paper. Increasing (decreasing) trends of isotope values (δD and δ 18 O) occur from May to June (September to October), and the valleys occur from July to August. The correlation between δD and δ 18 O for both precipitation events and monthly average precipitation is significant, with high R 2 values (≥0.98). The differences in regression lines may be due to the comprehensive influence of moisture sources, transport path and sub-cloud processes. Combining the d-excess values of precipitation and air mass trajectories generated by the HYSPLIT model, precipitation with a low (high) d-excess value and a more (less) negative δ 18 O corresponds to moisture from ocean (inland) sources. The δ 18 O-temperature (T) and δ 18 O-precipitation (P) correlations are not significant and vary greatly among different periods, which may be attributed to the mutual masking of different effects and the influence of atmospheric circulation processes. The results imply that the negative values in biological and geological proxies may be related to warmer climate, higher precipitation and a larger contribution of oceanic monsoon precipitation, but cannot indicate the changes in temperature and precipitation quantifiably.
Introduction
Differences in the composition characteristics and evolution rules owing to the occurrence of fractionation, hydrogen, and oxygen stable isotopes in natural water present obvious spatial and temporal changes. Such differences create a unique "fingerprint" of the water body. Although the ratio of stable isotopes in water is small, it is sensitive to environmental change and is widely used in hydrology, meteorology, ecology, and paleoclimatology [1] [2] [3] [4] . In the study of the modern water cycle, stable isotope technology plays an important role in tracing the moisture sources of atmospheric precipitation, determining the sources of rivers and lakes, distinguishing groundwater recharge sources, indicating evapotranspiration, and separating runoffs [5] [6] [7] [8] [9] .
As the primary step in the water cycle, precipitation is an important source of surface-and groundwater. Variation in the stable isotopic composition of precipitation is affected by climate change and is closely related to regional geographical features and meteorological conditions. It can be used to reflect changes of the meteorological conditions of the water vapor source, air mass migration trajectory, local evapotranspiration conditions, and large-scale weather patterns [4, 10] . Some important biological and geological proxies that reflect paleoclimate such as δD and δ 18 O in stalagmites, tree rings, and ice cores; δD in some plant-derived sediments; and δ 18 O in cave speleothems are often associated with precipitation [11] [12] [13] [14] [15] . Therefore, in the study of paleoclimatic change, it is important to understand the responses of regional precipitation isotopes to atmospheric processes. International research on stable isotopes in precipitation began in the 1950s. The International Atomic Energy Agency (IAEA) and the World Meteorological Organization (WMO) jointly launched the Global Precipitation Isotope Network (GNIP) in 1958, which became operational in 1961. In 1961, Craig analyzed the hydrogen and oxygen stable isotope composition of different water bodies worldwide and developed the global meteoric water line (GMWL) equation, which has been internationally recognized and widely used [16] . In 1964, Dansgaard proposed four influencing factors for stable isotopes in global precipitation: temperature, precipitation, elevation, and distance from the sea. The isotopic composition is related mainly to the temperature effect in the middle and high latitudes and precipitation effects in the tropical and low-latitude regions [17] . Since then, researchers have identified influencing factors for the isotopic composition of precipitation at different spatial scales based on the GNIP dataset and monitoring data collected worldwide. For example, a significant negative correlation exists between δ 18 O in precipitation and latitude and altitude in China, especially in the Qinghai-Tibet Plateau [18] . In arid climate regions, rain droplets undergo strong sub-cloud secondary evaporation when landing from the cloud base, resulting in variations in isotopic composition and deviation of the local meteoric water line (LMWL) from the GMWL [19] [20] [21] [22] . A study conducted in the leeward side of the Himalayas showed that factors such as temperature, vapor pressure, cloud-to-ground distance, and isotopic concentrations of water vapor in the external environment significantly altered the isotopic composition of precipitation. The slope and intercept of LMWL are 7.2 and -15.8, respectively, which are much smaller than those of GMWL because of the strong effect of sub-cloud evaporation [23] . The synoptic processes affect the isotope composition of precipitation by changing the isotope fractionation in atmospheric water vapor. For example, the occurrence of heavy rain can quickly remove heavy isotopes from atmospheric water vapor, resulting in the depletion of these isotopes in the residual water vapor [24] .
Monsoon circulation, an important carrier of water vapor transport, affects precipitation by restricting the distribution of large-scale water vapor transport fields and the status of the water vapor budget [25, 26] . In a monsoon climate zone, obvious seasonal differences occur in the moisture sources owing to the alternating control of different monsoon systems. In addition, the formation mechanism of stable isotopes in precipitation is complicated. The composition of such isotopes in a monsoon region is determined mainly by three factors: (1) meteorological conditions in the moisture source, which determine the initial isotopic composition of the water vapor; (2) the transport processes of water vapor, which determine the degree of fractionation of isotopes in the air mass; and (3) external environmental factors during precipitation, which determine the fractionation and exchange of stable isotopes in the formation and land processes of raindrops. Therefore, in addition to the well-known temperature and precipitation effects, different moisture sources and transport processes in a monsoon climate zone have an important impact on the composition of precipitation isotopes. Owing to significant seasonal variation in the dominant air masses, the environmental factors affecting the stable isotope composition in a monsoon region vary with the climate system. For example, as the moisture source changes, the temperature is directly proportional in some months and inversely proportional in others, which is significantly different from that occurring in non-monsoon zones [27] [28] [29] [30] . Evaluation of the isotope data can provide specific information on the formation mechanism of monsoon precipitation and the sources of water, thus helping to understand the processes of climate change. In various regions of the world, many studies have been conducted on the relationship between precipitation isotopes and monsoon activities. In the tropical monsoon region of Asia, the composition of precipitation isotopes is strongly correlated with cloud-base elevation and the transport path of the dominant air masses [31] . A study that collected isotope samples from 2007 to 2009 in southern China showed that precipitation isotopes and water vapor sources present obvious seasonal changes on annual and inter-annual scales under the effect of the monsoon system. The annual average d-excess value varies from 9.7 in 2008 to 16.6 in 2009 . The water vapor of winter and spring precipitation originates mainly from evaporation of the adjacent oceans and local water bodies, with positive δD, δ 18 O and d values; however, water vapor from the distant ocean is the main contributor to summer precipitation, with negative δD, δ 18 O and d values [32] . An investigation in northeastern China used stable isotopes to prove that the summer precipitation in this area originates from the East Asian monsoon, whereas the winter precipitation is affected by Eurasian atmospheric circulation in the mid-high latitudes [33] . Recently, a study in Hemuqiao watershed compared the d-excess and LMWL of different rain types (typhoon and plum rain). The range of d-excess is 4.06-17.98‰ for typhoon events and 3.45-19.12‰ for plum rain events, and the slope of LMWL is 7.52 for typhoon events and 6.17 for plum rain events, respectively, reflecting the isotopic difference between moisture from marine origin (typhoon events) and near-source evaporation (plum rain) [34] .
Located in the Chengdu Plain in southwestern China, Chengdu has a subtropical monsoon climate, with the summer monsoon beginning to form in May and fading in late September or October [35] . During the summer monsoon, Chengdu is alternately controlled by the East Asian monsoon and the Indian monsoon. The change and instability of the dominant monsoon leads to uncertainty of the moisture source, resulting in a complex isotope composition in precipitation in this region. Located in the transition zone from the Sichuan Basin to the western Sichuan Plateau, Chengdu is an important research area for hydrology, ecology, geography, and meteorology. However, only very limited monthly precipitation data are available from the GNIP dataset in this area, and the isotope records for independent precipitation events are lacking. The isotope data of GNIP with monthly precision cannot describe the changes in stable isotopes in the synoptic scale or the impacts of meteorological events such as typhoons, cyclones, and storms during summer monsoon activity on the precipitation isotopes. Therefore, we monitored event-based precipitation stable isotope data and recorded the corresponding meteorological information during the summer monsoon in Chengdu from May to October in 2017 and 2018 and obtained the water vapor transport path by using the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model. The objective of this study is to investigate the temporal variation in the precipitation isotopic composition during the summer monsoon and to analyze its response to changes in moisture sources. The correlation between stable isotopes and local meteorological parameters is also discussed for different time scales. The research results in this paper will fill the gap in the precipitation stable isotope record of GNIP in Chengdu. Moreover, these results help to explain the indicative significance of biological and geological proxies to climate change in paleomonsoon climate research.
Material and Methods

Study Area
Chengdu (102°54′-104°53′E, 30°05-31°26′N), one of the largest cities in western China, is located in the western Sichuan Basin, the eastern edge of the Qinghai-Tibet Plateau, and the hinterland of Chengdu Plain. Chengdu belongs to a sub-region of the subtropical monsoon humid climate of the East Asian monsoon climate, with obvious seasonal changes occurring in temperature and precipitation; summers are hot and rainy, and winters are mild and humid. The average annual precipitation is 927.5 mm, and the annual average temperature is 17.5ºC. More than 80% of the annual precipitation is concentrated in June to September, and the inter-annual variation in precipitation is small. The summer monsoon in East Asia first forms on the east coast of the Bay of Bengal (BoB) in May and then moves to the South China Sea (SCS). This area is alternately controlled by the summer monsoon from ocean sources and the winter monsoon from inland sources in May and June; it is completely controlled by the summer monsoon in July and August. The summer monsoon subsides gradually from late September to October. According to the characteristics of monsoon activities, the summer monsoon period is roughly divided into three sub-periods in this study: the pre-monsoon period from May to June, the prevailing period from July to August, and the declining period from September to October.
The average monthly temperature and cumulative precipitation in Chengdu during the summer monsoon period, from May to October, in 2017 and 2018 are shown in Fig. 2 . The average monthly precipitation and average temperature from May to October in 1961-2003 are provided for comparison. The long-term monitoring data on temperature and precipitation were supplied by the China Meteorological Data Network (http://data.cma.cn/), and the monthly data for 2017 and 2018 were obtained from the Chengdu Public Meteorological Service Website (http://pcc.scqx.gov.cn/ sc_cd/fwcp/qhpj/). The average monthly temperature in 2017 and 2018 was not significantly different from the multi-year average. The highest and lowest values in the study period appeared in August and October, respectively. The average precipitation in Chengdu from May to October 1961-2003 was 797 mm. The cumulative precipitation from May to October 2017 was 845.5 mm, which is similar to the multiyear average and can represent a normal year of precipitation. The cumulative precipitation from May to October 2018 was 1259.1 mm, which far exceeds the multi-year average. An extreme precipitation of 556 mm occurring in July represents an abnormal precipitation year. According to the Climate Impact Assessment Bulletin from Chongqing Meteorological Bureau (http://cq.cma.gov.cn/qxfw/qhxx/index.html), the cumulative precipitation from May to October 2017 in Chongqing, a city 200 km east of Chengdu, is 988.9 mm, which is similar to the precipitation in Chengdu in the same period. The cumulative precipitation in Chongqing from May to October 2018 is 798.8 mm, which is far below that in Chengdu in the same period. Compared with the uniform temporal distribution of monthly precipitation in Chongqing during summer monsoon, the precipitation in Chengdu is more concentrated in July and August, reflecting a more notable effect of monsoon activities.
Sample Collection and Measurement
The precipitation sampling site is located at the test site of the State Key Laboratory of Hydraulics and Mountain River Engineering, Sichuan University (104.08°E, 30.63°N), at 553 m above sea level (asl). This site is distant from local pollution sources and tall trees or buildings, which may interfere with the rain and snow. A simple water collection device was set up according to the method recommended in the IAEA/GNIP precipitation sampling guide (http:// www-naweb.iaea.org/napc/ih/IHS_resources_ gnip. html). A polyethylene (PE) bucket with a diameter of 50 cm and a height of 75 cm was first selected. Then, a smooth funnel-shaped PE film for collecting water was placed above a funnel 15 cm in diameter to collect the precipitation into a 500 mL rainwater bottle. A table tennis ball was placed in the funnel to reduce the evaporation of collected rainwater. In order to prevent evaporation, samples were collected immediately after the precipitation ended, and the starting and ending time of precipitation, the temperature, and the precipitation amount were recorded. Meteorological information is from the Chengdu City Site data of the China Weather Network (www.weather.com.cn/). The samples were collected in a 20 mL PE bottle and filtered through a 0.45 μm filter membrane. The sample bottle was washed with rainwater before collection. After the sample was collected, the bottle was sealed by wrapping with Parafilm sealing film and was stored in a refrigerator. If more than one precipitation event occurred in one day, each was collected and recorded as an independent event.
All collected water samples were measured by using a Triple-Liquid Water Isotope Analyzer at the College of Water Resources and Hydropower, Sichuan University. The instrument, with the model number T-LWIA-45-EP (912-0050), was developed and produced by Los Gatos Research (LGR). The measurement principle was off-axis integrated cavity output spectroscopy (OA-ICOS), which is more reliable than cavity ring down spectroscopy (CRDS). The results of isotope measurement are expressed as part per mil (‰) relative to Vienna Standard Mean Ocean Water (VSMOW). The formula is:
The errors of instrumental measurement for the isotopes are δD<0.3‰, δ 18 O<0.08‰. A series of water samples (LGR1C, LGR2C, LGR3C, LGR4C, and LGR5C) prepared using OA-ICOS technology and calibrated with VSMOW-2 and SLAP-2 standard water samples (the IAEA Technical Reports Series No. 331) were used as standard reference materials for quality assurance/quality control (QA/QC). Their hydrogen and oxygen stable isotope values are shown in Table 1 . According to the isotope monitoring data of atmospheric precipitation from 1986 to 1998 in the Chengdu area based on the GNIP dataset [36] , the variation range of δD in the atmospheric precipitation was -85.1-6.3‰; therefore, LGR3C, LGR4C, and LGR5C were selected as reference standards in this study. In isotope analysis, the reference standards are used as verification so that the instrument can analyze the measurement conditions and reflect on whether an abnormality is presented in the analysis process according to a specified signal. A standard sample was inserted between every three samples, and each sample was collected and measured for six times. In order to eliminate the memory effect of samples, the first two measurements of a single sample were rejected. The average value of the last four measurements is considered to be close to the actual value. The test results were analyzed and calibrated by using LGR post-processing software to obtain values of δD and δ 18 O of the samples.
HYSPLIT Back-Trajectory Model
To identify the locations of moisture sources and to explore the relationship between isotopic composition and moisture sources of the precipitation events in Chengdu, a back-trajectory model generated by the National Oceanic and Atmospheric Administration (NOAA) was employed.
HYSPLIT is a meteorological model run by the United States National Weather Service National Centers for Environmental Prediction (NWS NCEP), using the meteorological dataset generated by the global data assimilation system (GDAS) with a 1°×1° grid. It has been used for the calculation and analysis of air pollutant transport and diffusion trajectories [37] [38] [39] [40] . The σ coordinate is used in the model, where the original format of the meteorological data is unchanged in the horizontal direction, and the data are interpolated in a vertical direction. The σ coordinate can be calculated using the following equation:
…where Z top represents the top height of the trajectory coordinate system, Z mst represents the height of the lower boundary, and Z gl represents the terrain height.
The model takes the integral of the time and space position vectors for the moving trajectory of air. The final position was calculated by the initial position (P) and the first guess position (P 1 ) by using the following equations: (4) …where V represents the kinematic velocity of the air mass, and Δt represents the time step, which was set as 6 h in this study.
Previous studies have shown that the heaviest amount of moisture transferred occurs 2000 m above the ground and that the height at 850 hPa is thought to be approximate to the cloud base, which is about 1500 m asl [20, 41, 42] . Therefore, altitudes of 1500 m, 2000 m, and 2500 m were chosen as the starting heights of the back-trajectory calculations in this study. The spatial data precision of the HYSPLIT model in Table 1 . Isotopic values of LGR standard samples.
LGR1C -154.0±0.5 -10.30±0.15
LGR2C -123.7±0.5 -8.56±0.15
LGR3C -97.3±0.5 -7.06±0.15
LGR4C -51.6±0.5 -4.17±0.15
LGR5C -9.2±0.5 -1.39±0.15
this study was 1°×1°. The start time of each precipitation was used as the initial time of the backward trajectory modeling, and the modeling duration was set to seven days (168 h).
Results and Discussion
Temporal Variation of Stable Isotopes in Precipitation
The temporal variations of δD and δ 18 O in precipitation during the summer monsoon in 2017 and 2018 are shown in Fig. 2 . In 2017, 53 precipitation samples were collected. The δ 18 O in the precipitation varied from -16.70‰ to -0.68‰, with an arithmetic average of -8.46‰ and a precipitation-weighted average of -9.38‰. The δD varied from -124.94‰ to 8.65‰, with an arithmetic mean of -58.00 ‰ and a precipitation weighted average of -68.88‰. In 2018, 78 precipitation samples were collected. The δ 18 O in precipitation varied from -15.84‰ to 0.76‰, with an arithmetic average of -8.56‰ and a precipitation-weighted average of -10.86‰. The δD varied from -119.39‰ to 8.59‰, with an arithmetic average of -58.51‰ and a precipitationweighted average of -76.61‰. The variations in δD and δ 18 O reflect the changes in moisture sources and climatic conditions. The arithmetic mean and range of δD and δ 18 O in the 2017 and 2018 monsoon periods are similar, indicating that Chengdu was controlled by moisture from the same source on an annual scale, although the amount and distribution of precipitation differed significantly during the two years. The arithmetic mean treats the contribution of each precipitation data equally and is independent of the precipitation amount, whereas the weighted average emphasizes the contribution of large precipitation events. The arithmetic average values of δD and δ 18 O in both years were larger than the weighted average, indicating that precipitation amount had a significant effect on the isotopic composition during the study period, with large precipitation events showing more negative isotope values. The difference between the arithmetic and the weighted average of the isotope values in 2018 was greater than that in 2017, which is attributed to the higher total precipitation during the summer monsoon in 2018 and the higher frequency of large precipitation events. Yapp (1982) proposed that the ratio of isotopes in the monsoon climate zone is related to strong convection and can be used to reflect the intensity of the monsoon [43] . In 2017, the isotope values were high in late May and in early June and showed a downward trend in June; they were depleted from July to October with a small fluctuation range. This variation pattern indicates that the summer monsoon began to strengthen in May and June and remained stable between July and October in that year. In 2018, high isotope values appeared in mid-May and began to decline at the end of May until the most negative value appeared in July. The isotope values in July and August maintained at very low levels and gradually increased in mid-September until the maximum value appeared in October. The variation pattern indicates that the summer monsoon strengthened in May and June, remained stable in July and August, and gradually weakened in September and October.
Local Meteoric Water Line during Summer Monsoon Period
The relationships between δD and δ 18 O in precipitation for individual events and monthly precipitation weighted values during summer monsoon period are shown in Fig. 4 . In 2017 and 2018, the linear regression equations for the independent precipitation events of δD and δ 18 O during the summer monsoon are as follows:
2017: δD = 8.09δ 18 O + 10.45 (R 2 = 0.98, n = 53), (5) 2018: δD = 8.10δ 18 O + 10.82 (R 2 = 0.98, n = 78). (6) The linear regression equations for the monthly precipitation weighted average of δD and δ 18 O precipitation are: 2017: δD = 8.14δ 18 O + 11.86 (R 2 = 0.99, n = 6), (7) 2018: δD = 8.34δ 18 O + 13.68 (R 2 = 0.99, n = 6). (8) A significant linear relationship between δD and δ 18 O was observed in both 2017 and 2018 with regression values (R 2 ) higher than 0.98. Owing to the effects of condensation temperature, water vapor source, transport path, regional atmospheric circulation patterns, and meteorological conditions during the sampling period, LMWLs usually deviate from the GMWL, which considers the influence of global geographical and meteorological factors [44] . The slope of the LMWL reflects the fractionation ratio of δD and δ 18 O, and the intercept reflects the extent to which D deviates from equilibrium [45] . In Chengdu, the slope and intercept of the LMWLs during the summer monsoon in both years were higher than those of the GMWL. Compared with the results of previous studies, the LMWL equations during the summer monsoon in Chengdu were similar to those in other cities in southern China, such as Changsha, Guangzhou, Fuzhou, and Guilin [10, 32, 46, 47] . However, they were higher than those in mid-latitude monsoon regions such as Lanzhou, Fengxiang, Ningwu and Bin County [19, 28, 48] , which had slopes and intercepts of usually less than 8 and 10, respectively. This indicates that in Chengdu, the precipitation moisture sources and transport path in addition to the dominant monsoon are similar to those in other cities in southern China. In the South China Monsoon Region, the air masses controlling precipitation are affected by the complex monsoon system. During the migration from ocean to land, they experience a strong fractionation effect. When precipitation occurs, however, they are less affected by non-equilibrium fractionation caused by sub-cloud secondary evaporation. The slopes and intercepts of equations (7) and (8) are higher than those of equations (5) and (6), respectively, indicating that the LMWL is related to the scale of precipitation and that small-scale precipitation tends to have lower slopes and intercepts. This occurs because during a small precipitation event, it is difficult for the atmosphere to reach saturation; therefore, the atmosphere is susceptible to sub-cloud secondary evaporation, making the fractionation ratio of D and 18 O lower than 8:1. Although significant differences were noted in the amount and distribution of precipitation during the summer monsoon in 2017 and 2018, the LMWLs of the two years were similar, indicating that the slope and intercept of LMWL have little relation to the change in climate conditions but are related mainly to the moisture sources and evaporation conditions.
In both years, some isotopic scatters in the pre-monsoon and declining periods fell above the LMWLs and deviated from the regression line to a large extent, representing precipitation occurring under atmospheric conditions with low temperature and low water vapor content. In the pre-monsoon period, many scatters deviated significantly from the LMWLs and fell below them, reflecting the occurrence of non-equilibrium fractionation during the landing processes of raindrops owing to sub-cloud secondary evaporation. This is consistent with the climate characteristics of less precipitation and higher temperature in May and June. During the prevailing period in both years, the isotope scatters were distributed evenly around the LMWLs, indicating that the moisture during this period was mainly from the ocean, the air humidity was relatively large, and that the isotopes in the raindrops were less affected by the non-equilibrium fractionation. Fig. 4 . Linear regression between δ 18 O and δD in precipitation during the summer monsoon period in a) 2017 and b) 2018; the red circles, blue squares, and green triangles represent precipitation events during the pre-monsoon period, prevailing period, and declining period, respectively, and the black squares represent the monthly precipitation weighted values; the black lines represent LMWLs for individual samples, and the red lines represent LMWLs for monthly precipitation-weighted data.
Isotopic Responses to the Moisture Sources
Under unsaturated conditions, the equilibrium fractionation of D and 18 O is degraded during evaporation and condensation. Differences occur in the relationship between δD and δ 18 O among different regions and meteorological conditions. Dansgaard (1964) first defined d-excess to describe this difference such that d-excess = δD -8δ 18 O, and the average d-excess value of global precipitation is equal to 10 [17] . Because D-excess is sensitive to physical processes that produce intense kinetic fractionation, it has been used in many studies to reflect the degree of nonequilibrium fractionation of isotopes during evaporation and condensation [3, 20] . During the processes of atmospheric circulation, d-excess depends mainly on the meteorological conditions of the moisture source, which is negatively correlated with the relative humidity of the evaporation surface and positively correlated with the temperature [44] . It is also subject to recycled moisture, sub-cloud material exchanges, and secondary evaporation [19, 20, 49] . In the mid-low-latitude monsoon regions of China, the d-excess in precipitation is generally higher than 10 during the winter monsoon and is lower or slightly higher than 10 during the summer monsoon, by which the climatic conditions of the moisture source can be judged accordingly. The δ 18 O and d-excess changes in precipitation event during the 2017 and 2018 summer monsoons are shown in Fig. 5 .
The average d-excess values for precipitation during the summer monsoon periods of 2017 and 2018 were 9.71 and 9.97, respectively, indicating that the region was dominated mainly by oceanic moisture. These values are similar to the monitored data of Hong Kong, Guangzhou, and Changsha, which are located in the subtropical monsoon region of China [32, 47] . This indicates that Chengdu and these cities may have a similar water vapor source. The d-excess and δ 18 O showed significant temporal fluctuations, indicating that the source of water vapor affecting precipitation in Chengdu during the summer monsoon is complicated. From May to mid-June 2017, the d value of most precipitation events was higher than the global average, and the precipitation δ 18 O was also relatively enriched -likely because the water vapor of precipitation originated mainly from the inland areas. The highest value of d-excess was 17.81, which occurred on June 4. From the beginning of June, d-excess gradually declined until a minimum value of -2.33 occurred on June 28. Except for a minimum value of -13.43 on June 15, the δ 18 O in precipitation events was higher during this period. Therefore, the decrease in d-excess was likely affected by local meteorological conditions rather than the change in water vapor source. The precipitation amount in Chengdu in June 2017 was significantly lower than the multi-year average. In addition, the warm and dry atmosphere would have caused non-equilibrium fractionation of isotopes in the sub-cloud processes, which may explain the decrease in d value. The depleted δ 18 O on June 15 may by the result of isotope fractionation caused by continuous precipitation. In early July, both the δ 18 O and d-excess continued to decline, indicating enhancement in the summer monsoon and an increase in the proportion of moisture from the distant ocean. Except for a maximum value of 14.29 on July 5, the value of d-excess in precipitation was lower than the global average from early July to mid-August and was accompanied by depleted δ 18 O. This indicates that the precipitation moisture formed in evaporation conditions with high relative humidity, which may have been derived from low-latitude oceans. The high d value on July 5 with a lower δ 18 O may be related to the contribution of recycled moisture. D-excess values far below the global average occurred in events on July 14 and 21 and August 22, when the temperature was high and the precipitation amount was low. The occurrence of low d values may be attributed to the non-equilibrium fractionation caused by strong sub-cloud secondary evaporation. From late August to mid-September, the d-excess value of precipitation fluctuated around the global average, and the amount of fluctuation increased gradually. This can be explained by the increasing contribution of moisture from the arid inland to Chengdu's precipitation. In mid-September, the d-excess in precipitation showed a gradual increasing trend. However, the δ 18 O still showed a negative value, which cannot be explained simply by changes in the moisture source; the effects of local meteorological conditions are also considered.
The variation patterns of d-excess and δ 18 O in the precipitation events during the summer monsoon in 2018 are different from those in 2017. The concentration of δ 18 O in precipitation in May was higher and was accompanied by a d-excess value greater than the global average, indicating an inland moisture source. The continuous decrease in δ 18 O in June indicates the onset of the summer monsoon and an increase in the contribution of ocean-source moisture. The d-excess showed large fluctuation, with a minimum value of -1.95 on June 2 and a maximum value of 19.09 on June 8, which may be attributed to the fierce competition between the ocean and inland moisture when the air masses from different sources alternately controlled this area. Another possible cause is the effect of subcloud secondary evaporation under such meteorological conditions of dryness and high temperature. In July and August 2018, the δ 18 O remained at a low value, reflecting the "rainout effect" experienced by distant oceansource moisture during transport. Many extremely low δ 18 O records appeared during these two months, which is possibly related to frequent typhoons and cyclonic activities. The δ 18 O in precipitation caused by these extreme weather events is usually lower than that of normal precipitation [50] . Although the typhoons and tropical cyclones formed in the SCS and the Western Pacific did not pass through Chengdu directly, they caused severe convective weather and torrential rain. In addition, they brought a large amount of moisture from the distant ocean, which made the moisture supply in Chengdu more complicated and led to the observed negative value of δ 18 O. The δ 18 O did not exhibit a sustained low value, which is consistent with the short duration of a typhoon's impact. The d-excess fluctuated at around 10 and showed a large range of volatility, reflecting frequent changes in the dominant monsoon during this period. In mid-September, moisture evaporated from the underlying surface may have contributed to the precipitation with a negative δ 18 O and a higher d value. The values of δ 18 O and d-excess in the precipitation began to increase rapidly in late September, reflecting a weakening of the summer monsoon and a reduction in the proportion of ocean-source moisture in the precipitation. The contribution of inland water vapor with high isotope content resulted in the increase of δ 18 O in the precipitation.
The responses of δ 18 O and d-excess to the water vapor sources can be verified and further explained by the HYSPLIT air mass backward trajectory model. The modeling results for the eight selected periods during the 2017 summer monsoon are shown in Fig. 6 . When the summer monsoon began to form in mid-May (Fig. 6a) , the moisture contributing to the precipitation with low δ 18 O and high d-excess showed an inland source. At 2000 m and 1500 m levels, the moisture was carried by the inland air masses from the westerly belt, and at the height of 2500 m, the moisture originated from surface evaporation nearby. The inland air mass had a low relative humidity and strong evaporation. The isotopes experienced a weak rainout effect during the transport of the air masses and became continuously enriched owing to absorption of the evaporated moisture, which resulted in high δ 18 O and d-excess values. The moisture that caused the higher δ 18 O value in the June precipitation still originated from remote inland areas (Fig. 6b, c) . During this period, Chengdu was controlled by dry air masses from western or northern inland areas, and the heavy isotopes were more enriched. At the same time, the enrichment of δ 18 O and the decrease of d-excess were consistent with the effects of sub-cloud secondary evaporation. The high temperature and low precipitation during this period caused the atmosphere to become unsaturated, and raindrops experienced strong non-equilibrium fractionation during the landing process. On June 4 (Fig. 6b) , except for the air mass from the westerly zone at 2000 m, the air masses at heights of 1500 m and 2500 m originated from adjacent areas; therefore, the maximum value of d-excess in precipitation may be attributed to the contribution of recycled moisture caused by surface evaporation. In July and August, Chengdu was controlled by tropical air masses from the BoB and the SCS (Fig. 6d-f ). Marine air mass has high relative humidity and weak evaporation. During the process of inward transportation, the heavy isotope was gradually depleted by the strong rainout effect as the precipitation continued to form. Owing to the large relative humidity of the ocean evaporation surface, the d-excess value of the water vapor was low. On July 5, evaporation from the land surface at a height of 1500 m may have contributed to the precipitation with a high d-value ( Fig. 6d) . At the end of August, the air masses causing precipitation originated from the ocean at 2000 m and 3000 m, and from the northern inland at 1500 m (Fig. 6g) , indicating that the summer monsoon began to subside and the winter monsoon became active during this period. The fluctuation in the d value can be explained by a change in the ratio of inland and ocean moisture. At the end of the summer monsoon, the air masses of the precipitation originated from the far-source westerly zone at three different levels, which carried the arid inland moisture (Fig. 6h) ; therefore, the observed low value of δ 18 O was not the result of oceansource moisture. Pang et al. (2006) reported that the low value of δ 18 O at the end of the monsoon period is caused by the evaporation of water vapor during the prevailing monsoon period [51] . In Chengdu, the precipitation during the prevailing monsoon period in 2017 was large.
Owing to this injection of precipitation, the underlying surface was relatively moist, which resulted in strong surface evaporation at the end of the monsoon. The moisture enriched in light isotopes evaporated into the atmosphere and re-formed as precipitation, which may have caused the negative δ 18 O value.
The results of the modeled air mass trajectories for the 12 selected time periods in 2018 are shown in Fig. 7 . In May, air masses that caused precipitation with less negative δ 18 O and higher d values were derived from the mid-high-latitude inland areas on all three levels (Fig. 7a ). The precipitation with higher δ 18 O in early June was derived mainly from inland water vapor in the westerly zone (Fig. 7b, c) . Although the precipitation on June 2 and June 8 contained disparate values of d, the trajectory analysis revealed similar sources of air masses on three levels -all from inland. Therefore, the assumption that moisture from different sources caused the changes in d-excess is overturned. The several extremely low d-excess values in early June may be attributed to sub-cloud secondary evaporation under conditions of high temperature, low precipitation, and low relative humidity. In mid-June, the air masses originated from the BoB at a height of 1500 m and from the inland surface at 2000 m and 2500 m (Fig. 7d ). This shows the period of transition from continental monsoon to marine monsoon, which is consistent with the decline of δ 18 O in precipitation. In late June, at the three levels, the air masses were all derived from the BoB (Fig. 7e ). This indicates that the area was controlled by the marine monsoon, which is consistent with the negative δ 18 O and low d values in precipitation. In July and August, the results of the backward trajectory model showed that the sources of precipitation air masses included the SCS, the BoB and the Western Pacific (Fig. 7f-j) , showing the combined effects of the southwest and southeast monsoons. The combination and variation of air masses from different sources caused complex moisture composition during this period. Owing to the different initial meteorological conditions and transport distances, the moisture carried by air masses from different sources had different isotopic compositions, resulting in fluctuations in δ 18 O and d-excess in the precipitation. In mid-September, the precipitation air masses at 2000 m and 2500 m levels still originated from the ocean, whereas those at 1500 m level were from the inland surface (Fig. 7k) ; this indicates weakening of the summer monsoon. The higher d values may have been subject to the moisture contribution from inland evaporation. In October, moisture contributing to precipitation with an increasing δ 18 O and high d-value was derived from the westerly zone for all three levels, reflecting the isotope characteristics of dry inland moisture.
Significant differences were noted between the atmospheric circulation patterns during the summer monsoon in 2017 and 2018. In 2017, the summer monsoon began to control Chengdu in early July, and the moisture was carried mainly by tropical warm-moist air masses from the SCS and the BoB during the active monsoon period. In late August, the summer monsoon gradually subsided. However, the summer monsoon of 2018 controlled this region in late June, and the moisture from the SCS, the BoB, and the Western Pacific alternately controlled this region during the active monsoon period. In mid-September, the summer monsoon began to weaken. The summer monsoon in 2018 lasted for a long time, with heavy precipitation, causing more negative δ 18 O in precipitation. In addition, the more complicated water vapor source caused the fluctuation of d-excess to be greater. Generally, the values of δ 18 O and d-excess in precipitation during the summer monsoon are consistent with the source information of the air masses provided by the HYSPLIT model. The precipitation contributed by the moisture from the ocean warm and humid air masses has more negative δ 18 O and lower d-excess values, and that contributed by the moisture carried from inland dry air masses has less negative or even positive δ 18 O and higher d-excess values, indicating a strong correlation between the isotope composition and the moisture source of the precipitation events. The onset and decline of the summer monsoon and the intensity changes in different periods is well reflected in the isotope composition. However, for some precipitation events, especially those occurring during the transition period between the continental monsoon and the ocean monsoon, the values of d and δ 18 O were also susceptible to other factors, such as local temperature, precipitation amount, and evaporation conditions, so that they reflect more factors comprehensively. Although the trajectory model can provide source information of the air masses, it cannot explain the isotope characteristics separately, which needs to consider local meteorological conditions.
Effects of Local Meteorological Parameters on Isotopic Compositions
The record of paleoclimate by biological and geological proxies is closely related to δ 18 O and δD in atmospheric precipitation. Understanding the relationship between isotopic composition in precipitation and local meteorological factors plays a key role in revealing the paleoclimatic information contained in the proxies. To understand the response of precipitation isotopes to climatic processes, linear regression was used to evaluate the relationship between meteorological parameters and isotopic composition. The correlation coefficient and significance test were performed by Person's Method and two-tailed tests, respectively.
Correlation between δ 18 O and Precipitation Amount
The precipitation effect is a negative correlation between precipitation and isotope values [17] . Moisture from a certain source experiences isotope fractionation during transportation owing to the continuous precipitation, resulting in the depletion of heavy isotopes in the residual vapor. In the southern monsoon region of China, the influence of the precipitation amount on isotopes is often significant [10, 52, 53] . variation during this sub-period. This may be because the isotopic composition of the moisture contributing to precipitation during this period is subject to change. The precipitation air masses and the transport path of moisture vary greatly because they are influenced by multiple monsoons. The meteorological conditions of the source areas create differences in the initial isotopic composition of the moisture, and differences in the transport path causes fractionation of different degrees in the isotopes in the moisture before it reaches Chengdu. The maximum of absolute values of slope (0.55) and r (0.76) appeared in the pre-monsoon period of 2017, which is likely attributed to scarce precipitation and high temperature. The small precipitation event had a higher δ 18 O value owing to strong sub-cloud secondary evaporation, partially accounting for the precipitation effects. These results are consistent with the conclusions described above.
Correlation between δ 18 O and Air Temperature
Correspondence was also noted between the ground and condensation temperatures of the precipitation air mass; the latter is related directly to the isotope fractionation coefficient. According to the Rayleigh Fractionation Model, a lower condensation temperature relates to a larger isotope fractionation coefficient α and a lower δ value. Dansgaard (1964) defined the positive correlation between precipitation stable isotopes and temperature as the temperature effect [17] . The values of δ 18 O in precipitation events and air temperature are shown in Table 2 . Linear regressions of δ 18 O-temperature (T) during the summer monsoon periods in 2017 and 2018 and in the sub-periods were performed by using the least squares method. The results are shown in Fig. 8 . In 2017, weak positive correlation existed between precipitation δ 18 O and temperature during the entire summer monsoon and Linear regression of the δ 18 O-precipitation amount (P) relationship during the 2017 and 2018 summer monsoon periods and sub-periods was performed by using the least squares method. The results are shown in Fig. 8 . During the entire summer monsoon in 2017 and 2018, δ 18 O and precipitation showed a negative correlation, which was significant at the 0.05 and 0.01 confidence levels (Fig. 8d, h) . This indicates that the isotopes in the precipitation were affected by the precipitation effect and is consistent with the results of the rainy season at other sites in the southern monsoon region of China. In 2017, the precipitation of δ 18 O in the pre-monsoon and declining periods showed negative correlations with precipitation, which reflected a precipitation effect. However, the slopes of the δ 18 O-P regression lines in the two sub-periods varied greatly. In the prevailing period, δ 18 O showed a positive correlation with precipitation, which is inconsistent with the influence of precipitation on the isotope fractionation mechanism, indicating that the isotope changes during this period were affected by other factors. In 2018, the precipitation isotopes of the three sub-periods showed precipitation effects, although the slopes of the δ 18 O-P regression line were significantly different. This reflects that the precipitation amount affected isotopes differently in the different periods. The correlation coefficient (r) reflects the degree of linear correlation between the variables. For the entire summer monsoon in 2017 and 2018, the r values were -0.23 and -0.36, respectively. In each sub-period of 2017 and 2018, the absolute value of r of the δ 18 O-P regression line was smallest (0.27 for 2017 and 0.12 for 2018, respectively) in the prevailing monsoon period and was accompanied by the gentlest slope (0.05 for 2017 and 0.01 for 2018, respectively). The regression lines of this sub-period in both years did not pass the significant test of the 0.05 confidence level (Fig. 8b, f) , which indicates that precipitation was not the major factor affecting isotope the three sub-periods (r = 0.41, 0.23, 0.10 and 0.03 for pre-monsoon, prevailing, declining sub-period and entire summer monsoon period, respectively). However, none passed the significance test at the 0.05 confidence level, and none showed an obvious temperature effect.
In 2018, the δ 18 O showed a significant negative correlation with temperature in the entire summer monsoon period (r = -0.44) and in the pre-monsoon (r = -0.45) and declining (r = -0.57) periods, and showed a significant positive correlation during the prevailing monsoon period (r = 0.36). The negative correlation of δ 18 O-T does not conform to the physical temperature effect and cannot reflect the response of the precipitation isotope to local temperature. This negative correlation has been observed in many areas of mid-low-latitude monsoon regions. One reason for this is the temporal change in the moisture source. However, the climatic characteristics of the same period of rain and heat cause the precipitation effect to disguise the influence of temperature on the isotopes. Chengdu is located in a subtropical monsoon climate zone and is affected by various atmospheric circulation processes during the summer monsoon, such as convection caused by monsoon activity and recycled moisture generated by surface evaporation and sub-cloud evaporation. These factors lead to complicated fractionation, mixing, and exchange processes of the isotopes in the moisture, thus masking the effect of temperature on the isotope fractionation.
In Chengdu, the relationships of δ 18 O-P and δ 18 O-T showed significant differences among the years and sub-periods, indicating that it is not advisable to quantitatively obtain the change information on temperature and precipitation based on precipitation isotopes. Similarly, the temporal variations in temperature and precipitation cannot be quantitatively indicated by the isotopic compositions of biological and geological proxies, which reflect the seasonal or annual accumulation characteristics of precipitation isotopes. However, the monsoon climate can be qualitatively described. The negative isotope values of ice cores, tree rings, stalagmites, and speleothems may indicate warmer climates and more precipitation as well as a greater contribution of ocean moisture to precipitation.
Conclusions
This study reported the measured data of precipitation isotopes in the summer monsoon period of 2017 and 2018 and presented the variation characteristics and influencing factors of stable isotopes in the summer monsoon precipitation in Chengdu. Our results showed that the precipitation events exhibited significant differences in isotope values, d-excess and LMWLs between different sub-periods because of the monsoon activities. For most precipitation events, the source information estimated by d-excess and δ 18 O were consistent with the air mass information generated by HYSPLIT. Generally, the precipitation caused by moisture from ocean-source air masses had low d-excess values and negative δ 18 O, and that caused by moisture derived from dry air masses from inland sources had high d-excess values and less negative δ 18 O. However, for some precipitation events, the influence of other factors led the correlation between the isotope composition and the water vapor source to be more complicated. The δ 18 O-P and δ 18 O-T correlation changed significantly between years and sub-periods within a year and were closely related to moisture sources and meteorological conditions. The isotope information in precipitation and biological and geological proxies can be used as a comprehensive indication of monsoon activities but cannot reflect the changes in temperature and precipitation quantitatively. However, in this study, other factors that may cause isotope changes have not been fully recorded. The differences in δD and δ 18 O between Chengdu and its surrounding area were not presented and the spatial diversity of precipitation stable isotopes was not discussed due to the limitation of only one sampling site. In future research, longterm sampling and measurement of precipitation as well as full consideration of variables that may affect isotope changes will help to more effectively interpret the monsoon information contained in precipitation isotopes and the paleoclimate information contained in isotopes in biological and geological proxies. A city scale observation network will be useful for enhancing the knowledge of spatial incoherence and synoptic processes.
